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[57] ABSTRACT 
A photovoltaic cell and a process of making and using 
it are disclosed wherein extremely thin semiconductor 
layers are provided through the use of polycrystalline 
CdS and CdTe. The cell has conversion efficiencies as 
high as 6% or more when exposed to AM2 light. 

31 Claims, 2 Drawing Figures 
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POLYCIWYSTALLWE THIN FILM CDS/CDTE 
PHOTOVOLTAIC CELL 

BACKGROUND OF THE INVENTION 

(1) Field of the Invention 
This invention relates to p-n cadmium telluride-cad 

mium sul?de photovoltaic cells, particularly of the thin 
?lm type. 

(2) State of the Prior Art - 
Effective conversion from expensive petroleum 

based energy sources to solar energy sources, such as 
photovoltaic cells, has been delayed prior to this inven 
tion by two factors-the cost of mass-producing such 
cells and the low conversion efficiency achieved by 
such cells. Any improvement in either factor can move 
industry towards the use of more solar cells, and an 
improvement in both has been a long-sought goal. 
A study by R. Moore reported in Solar Energy, 18, p. 

225 (1976) indicates that thin-?lm inorganic semicon 
ductor photovoltaic cells should be able to meet the 
two-fold goal noted above if the individual semiconduc 
tive layers do not exceed 5 microns in thickness, assum 
ing conversion efficiencies of at least 5%. Implied is the 
conclusion that such cells would be even more useful if 
the conversion efficiencies were higher. The study con 
cludes with the statement that such thin-?lmcells as 
described are predicated on “a currently non-existent 
technological base.” 

Conversion efficiencies of 5% or more have been 
difficult to achieve in thin-?lm solar cells, particularly 
in solar cells fabricated from CdS and CdTe, hereinafter 
identi?ed as CdS/CdTe solar cells. Such CdS/CdTe 
cells have a distinct cost advantage, compared for ex 
ample to single-crystal silicon cells. Conversion ef? 
ciencies, however, must be increased to render them 
useful. Therefore, considerable effort has been ex 
pended to establish techniques for manufacturing such 
cells with improved conversion efficiencies, as well as 
reduced thicknesses. Vapor deposition or similar vapor 
phase formatiorrl of either CdTe upon a crystal of CdS, 
or of CdS upon‘ a crystal of CdTe, has been used as a 
means of partially reducing the ?lm thickness, enhanc 
ing conversion efficiency, or both, as is reported in 
articles by A. Fahrenbruch et al, Appl. Phys. Letters, 25, 
p. 605 (1974); R. Bube et al, Report NSF/RANN 
/ Se/ AER-75-l679/ 76/ l; and K. Yamaguchi et al, Japan 
.[ Appl. Phys, 15, p. 1575 (1976). Such prior techniques 
have relied largely upon the use of single crystal sub 
strates for the vapor deposition. Utilization of single 
crystal substrates, however, precludes the achievement 
of the economic advantages associated with thin-?lm 
cells, since a single crystal must be grown and sliced. 
The slicing operation necessarily involves waste of 
material and produces cells which at best are 50 to 100 
microns thick. Thus, it is not possible to manufacture a 
bilayer solar cell, one layer of which is a single crystal, 
that is as thin as 10 microns as suggested in the Moore 
study. In each of the foregoing, the vapor deposition or 
similar process was done in the absence of oxygen. 

In Bonnet, “New Results on the Development of a 
Thin-Film p-CdTe-n-CdS Heterojunction Solar Cell”, 
9th IEEE Photovoltaic Specialist Conference, p. 129 
(1972), there is reported a thin-?lm cell of polycrystal 
line material alleged to have produced a conversion 
ef?ciency of 5%. However, the reported In value, mea 
sured with 50 rnW/crn2 illumination, was 1.5 mA per 10 
mmZ, or 15 mA/cm2. This corresponds to an I“ value of 
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3O mA/cmz for a 100 rn‘t’V/crn2 illumination, the stan 
dard “AMl” sunlight condition. Since the theoretical 
limit of lsc under AMl conditions is only about 24 
mA/cm2, clearly there was a positive error in the obser 
vations and the conversion efficiency was less than the 
reported value of 5%. 

SUMMARY OF THE INVENTION 

In accord with the present invention, there is advan 
tageously featured a photovoltaic cell having the dual 
properties of greatly reduced cost and a markedly im_ 
proved conversion efficiency compared to similar cells 
previously produced. 

In accord with a related aspect of the invention, there 
is advantageously featured such a cell wherein the over 
all thickness is greatly reduced. 
These features of the invention are based upon the 

discovery that CdS/CdTe solar cells can be manufac 
tured to have both thin-film characteristics, and conver 
sion efficiencies in excess of 5 and even 6% in AMZ 
light, characteristics not available in the prior art. More 
speci?cally, in accordance with one aspect of the inven 
tion, there is provided a cell for converting incident 
radiation into electricity, comprising ?rst and second 
contiguous polycrystalline layers containing, respec 
tively, p-type cadmium telluride and n-type cadmium 

, sul?de, and electrodes in operative, low-impedance 
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contact with at least part of the layers, at least one of the 
electrodes being transparent or semi-transparent to the 
incident radiation, said cell being further characterized 
by a conversion ef?ciency of at least about 6.0% when 
exposed to AM2 light. 

In accordance with another aspect of the invention, 
there is provided an n-type CdS and p-type CdTe pho 
tovoltaic cell containing operative electrodes, wherein 
both the cadmium telluride and the cadmium sul?de are 
polycrystalline, and together the layers contain oxygen 
atoms in an amount that is effective to produce a cell 
having a conversion ef?ciency that is enhanced over the 
conversion ef?ciency of a cell that is produced without 
the oxygen atoms present. 

In accordance with yet another aspect of the inven 
tion, there is provided an n-type CdS and p-type CdTe 
photovoltaic cell containing operative electrodes, the 
improvement being that the total thickness of the cell 
does not exceed about 10 microns and at least one of the 
layers contains oxygen atoms in an amount that is effec 
tive to produce a cell having a conversion efficiency 
that is enhanced over the conversion ef?ciency of a cell 
that is produced without the oxygen atoms in the layer. 
Such cells can be manufactured by a process of de 

positing, in the vapor phase, contiguous layers of the 
semiconductor material, in a manner such that at least 
one of the layers is deposited in an oxygen-containing 
atmosphere for a time and at a temperature, and in an 
amount of oxygen, which are sufficient to provide a 
conversion ef?ciency that is enhanced over the ef? 
ciency of a cell produced without the oxgen atmo 
sphere. 

BRIEF DESCRIPTION OF THE DRAWING 

FIG. 1 is a plot of conversion efficiencies achievable 
by cells of the invention, versus the substrate tempera 
ture useful for the formation of the CdT e layer; and 
FIG. 2 is a partially schematic section view of a cell 

prepared in accordance with the invention. 
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DESCRIPTION OF THE PREFERRED 
EMBODIMENTS “Photovoltaic cell” as used herein 
means a solid state device which produces an electric 
current in response to light of appropriate wavelengths, 

from any source. 

It has been found that the dual results of reduced cost 
and enhanced conversion ef?ciency can be produced by 
a photovoltaic cell having polycrystalline cadmium 
sul?de and polycrystalline cadmium telluride in contig 
uous layers. Such polycrystalline semiconductive mate 
rials allow the inexpensive layered formation of a truly 
thin cell, inasmuch as the combined thickness of two 
layers of polycrystalline semiconductor materials need 
not exceed about 100 microns, and preferably does not 
exceed about 10 microns. 
The enhancement of the conversion ef?ciency of 

such cells is achieved by forming one or both of the 
semiconductive layers in an oxygen-containing atmo 
sphere. Maximum enhancement occurs when the layers 
are formed at a particular range of temperatures. 
As used herein, “enhanced conversion ef?ciency” 

means a conversion ef?ciency that is about 10% greater 
than the conversion ef?ciency of a control cell pro 
duced without the enhancing step. In practice, much 
larger enhancements than 10% are common when using 
the invention. 

Because of their simplicity, preferred methods of 
forming the layers using an oxygen-containing atmo 
sphere are those in which the semiconductive layers are 
deposited in the vapor phase. As used herein, “deposit 
ing in the vapor phase” is used to mean any process 
wherein material is transferred in the vapor phase from 
a source, usually heated, to a substrate where the mate 
rial forms a new layer. Therefore, as used here “deposit 
ing in the vapor phase” includes, but is not limited to, 
close-space sublimation, vapor transporting, vacuum 
evaporation, vapor growth, and sputtering or ion plat 
ing wherein ionized or plasma gas, respectively, is the 
activating medium. “Close-space sublimation” means 
sublimation from a source to a substrate positioned from 
the source a distance no greater than the square root of 
the smaller of the surface areas of the source and of the 
substrate. All of these are known processes, and except 
as noted hereinafter, follow conventional procedures. 
The atmosphere for the vapor-phase depositing can 

be either pure oxygen, oxygen arti?cially admixed with 
other gases, or air. As will be readily apparent, the 
actual amount of the oxygen present during deposition 
will depend upon the speci?c form of vapor-phase de 
positing that is selected. For example, close-space subli 
mation, a highly preferred form of the process of the 
invention, can tolerate much higher levels of gas than 
can vacuum evaporation, which preferably utilizes 
about l0-4 torr of gas. The other forms of vapor-phase 
depositing mentioned above have known or standard 
tolerance levels of gas, and the amount of oxygen pres 
sure or partial pressure is selected to comply with such 
tolerance levels. 
The process preferably proceeds by depositing, in the 

vapor phase, cadmium sul?de onto a suitable electrode, 
described below, with or without oxygen present in the 
atmosphere. Thereafter, the cadmium telluride and, 
optionally, a p-type dopant such as gold are similarly 
deposited in the vapor phase onto the previously 
formed cadmium sul?de, with or without oxygen pres 
ent in the atmosphere, except that at least one of the two 
layers is deposited with oxygen gas present. 
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‘Thereafter, an electrode capable of making a low 
impedance contact is formed on at least a portion of the 
cadmium telluride. A preferred process of such elec 
trode formation is vacuum deposition. 
The vapor-phase depositing of the semiconductor 

material can be done either as a batch process, e.g., in a 
vacuum chamber containing a single source and a single 
substrate, or as a continuous process in which a sub 
strate is moved through appropriate zones of treatment. 
As indicated, a highly useful form of the vapor-phase 

depositing is close-space sublimation. The oxygen atmo 
sphere of the sublimation can be at a pressure between 
about 0.01 and about 100 torr, and preferably is at a 
pressure between about 0.1 and about 10 torr. The spac 
ing between source and substrate preferably is between 
about 0.5 and about 5 mm. The temperature of the sub 
strate upon which each of the semiconductor layers is to 
be crystallized can be varied, depending on which mate’ 
rial is being sublimated. Preferably, each of the CdS and 
CdTe materials is deposited for a time of between about 
0.1 sec to about 10 minutes onto a substrate held at a 
temperature of between about 300° C. and about 650° C. 
As is customary in sublimation, the source temperature 
is maintained in each instance between about 10° and 
about 500° C. higher than the substrate temperature, 
preferably about l00°~300° C. higher for the CdS depo 
sition and 20°-50° C. higher for the CdTe deposition. 
Conventional heating techniques for the source and/or 
the substrate include, e.g., resistance heating, induction 
heating, and the like. 

Within this process of close-space sublimation, higher 
conversion ef?ciencies are achieved when the CdTe 
layer is sublimated in an oxygen-containing atmosphere 
on a CdS substrate at a temperature of at least about 
575° C., the CdS layer also having been sublimated in 
02. It has been found, when keeping constant other 
variables such as deposition time and thickness of the 
two layers as well as the amount of oxygen present in 
the atmosphere, that such a substrate temperature pro 
vides a substantial further increase in the conversion 
ef?ciency compared to a cell wherein the CdTe is subli 
mated in oxygen at a lower substrate temperature. Al 
though still further increases in ef?ciency are achieved 
at still higher temperatures, the rate of increase de 
creases signi?cantly beyond the 575" C. temperature. 
The mechanism by which this occurs is not as yet 

fully understood. The effect is illustrated in FIG. 1. The 
CdS substrate in this case was also sublimated in a 0.4 
torr oxygen-containing atmosphere, and each data point 
represents a separate cell wherein the only difference in 
the preparation of the cell is the temperature of the CdS 
substrate for the CdTe sublimation. Whereas a substrate 
temperature of 500° C. produced a conversion effi 
ciency of about 3.9%, a substrate temperature increased 
to about 550° C. raised the conversion efficiency to 
about 6.3%, and an increase to 570° C. raised it still 
further to about 8.4%. A further increase in substrate 
temperature to about 600° C. produced a slight increase 
in ef?ciency to 8.9%. 

It is possible that the critical substrate temperature, 
i.e., the temperature above which further substantial 
increases in conversion ef?ciency are not achievable, 
can be lowered below about 575° C. if other variables of 
the sublimation process are further optimized. 

In at least certain instances, and particularly for CdTe 
layers deposited at temperatures below the above-noted 
substrate temperature of about 575° C., further enhance 
:ment of the conversion ef?ciency can be achieved by an 
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optional process step of heating the already formed 
CdTe layer in an oxygen-containing atmosphere for a 
suitable length of time. In this case, normal or even 
pressurized atmospheres of oxygen can be used, a 
highly preferred example being air at ambient pressure. 
Partial pressures of oxygen can also be used, as can an 
alternating non-oxidizing and oxidizing atmosphere of 
the type described in US. Pat. No. 4,035,197, issued on 
July 12, 1977, the details of which are hereby expressly 
incorporated herein by reference. The temperature of 
such post-treatment can be between about 100° C. and 
about 600° C, for a time of between about 1 second to 
about 20 minutes. As will be apparent, the higher the 
temperature that is used, the lower the length of time of 
exposure that is needed to further enhance the conver 
sion efficiency. 
Such postuheating of the CdTe layer can increase the 

conversion efficiency by I or 2% over that achieved by 
the same cell lacking the post-heating step. 

It is believed that the vapor depositing of one or both 
of the semiconductor materials in an oxygen-containing 
atmosphere produces enhanced cconversion efficien~ 
cies by the incorporation of oxygen atoms into the semi 
conductor layer formed in the presence of the oxygen. 
However, the exact amounts of such oxygen incorpora 
tion are so minute that they are difficult to detect or 
assay. - 

To complete the cell, electrodes are selected to pro~ 
vide low~impedance contact with at least portions of 
the exterior surfaces of the two contiguous semiconduc 
tor layers formed as described. As used herein, “low 
impedance” means an impedance that is no greater than 
that which gives a contact resistance of 50 ohm-cmz. 
Although such low-impedance contacts at least ap 
proach a true ohmic contact, some recti?cation in the 
contact can also be tolerated, as is well known. 
Each of the electrodes is also in operative contact 

with its respective layer; that is, in the cell is contacts 
only its layer, and at least one of the electrodes trans 
mits sufficient activating radiation as to photogenerate 
an electric potential in the cell. Conveniently, such 
transmission of radiation is accomplished by rendering 
one of the electrodes, sometimes called the “window” 
electrode, transparent or semitransparent to radiation 
having wavelengths bebetween about 350 and about 900 
nm. A useful material having this property is “Nesa 
tron” @ brand glass, a semitransparent electrode mate 
rial comprising a conductive lngO3(Sn) layer coated 
onto a transparent glass, available from PPG Industries, 
Inc. Such an electrode typically has a sheet resistance of 
about 10 to about 50 ohm/square and an optical trans 
mittance of about 80% for visible light. The “Nesa 
tron” @ electrode provides a low-impedance contact 
with the n-type cadmium sul?de, and as such comprises 
a highly useful substrate for the first semiconductive 
layer formation. Other conventional electrode materials 
also can be selected, providing they have sufficient 
conductivity, light transmittance, and the appropriate 
work function that insures the low-impedance contact 
with n-type CdS. Examples include transparent layers 
of (1:10, S1102, Cd2Sn04, and the like on glass, with or 
without dopants. 

Conventionally, the “Nesatron” ® electrodes are 
cleaned prior to layer formation of the semiconductor 
material. This can be accomplished by hand-rubbing the 
surface of the conductive coating with cleansers such as 
a sulfcnate detergent available under the trademark 

6 
“Alconox” from Alconox, Inc., followed by rinsing 
with water. 

Electrode materials for low-impedance contact with 
the p-type CdTe are also conventional, and include, for 
example, gold, silver, copper, nickel, tin, platinum, pal 
ladium, chromium, iridium, rhodium, and non-metallic 
materials such as CugS and CuZTe having high electri 
cal conductance and a work function approximately 
matching that of p-CdTe. These materials may be used 
singly or in any combination, either in one layer or in 
successive layers. 
FIG. 2 illustrates a typical photovoltaic cell 10 pro 

duced in accordance with the invention. Transparent 
electrode 12 comprises a support layer 14 of glass bear 
ing a conductive layer 16 of In2O3(Sn) such as a “Nesa~ 
tron” ® electrode, on which is formed layer 18 of n 
type CdS. A contiguous layer 20 of p-type CdTe is 
formed on layer 18, and an electrode layer 22 contacts 
at least a portion of layer 20. Leads 24 attached as by 
solder 26 carry away power from the cell. Because 
layers 18 and 20 are polycrystalline, they can be pre 
pared by a thin-film preparation process to be extremely 
thin, for example, no greater than about 50 microns 
thick and preferably from about 0.05 to about 5 microns 
thick. The total thickness then of the combined semi~ 
conductor materials is generally less than about 100 
microns, and preferably no greater than about 10 mi 

_ crons. The triangles are indicative of the fact that the 
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layer is polycrystalline. 
Electrode layers 16 and 22 are extremely thin con 

ventionally, from about 1000 to about 10,000 , and 
from about 30 to about 1000 A respectively. Glass sup 
port layer 14 is of course comparatively thick, typically 
about 1000 microns. 

Photovoltaic cells of this invention can be used to 
photogenerate electric power when exposed to activat 
ing'radiation, preferably through the window electrode. 
The potential created across the junction can be used as 
a voltage source, or the current generated by the cell 
can be drawn off. Thus, among other things, the cell can 
be used as a voltage generator or as an exposure meter 
operating from the cell’s short circuit current. Such uses 
are in accordance with conventional practices follow 
ing- well-known procedures. 
The following examples further illustrate the inven 

tion. Except where noted, pure oxygen atmospheres at 
stated partial pressures were used. In each example 
simulated sunlight illumination of 7S mVtJ/cn'i2 (Ali/i2) 
was achieved by using a Kodak Carousel projector, 
Model 600, containing a 500 W tungsten-lamp, with the 
heat-absorbing glass removed, and a spectrum-correct 
lug-?lter set. Conversion efficiencies were calculated 
from the measured lsc, Vac, fill factor and the known 
input illumination. As used herein, “fill factor” means 
the fraction of the product of I“ and V0, that is available 
as power output for the cell. 

EXAMPLE 1 

A cell was prepared of the type shown in PKG. 2, as 
follows: 
On a Nesatron® glass substrate a CdS layer was 

deposited at a temperature of about 550° C., in an oxy» 
gen-containing atmosphere of about 0.4 torr 02 to a 
thickness of about 0.7. micron. A GdTe layer about 2 
microns thick was then deposited on the CdS layer 
heated at a temperature of about 590° C., in an atmo 
sphere containing l.5 torr O1 and 1.5 torr Ar. A 500 
thick gold electrode layer 6 was vacuum-deposited on 
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the CdTe layer. Under simulated sunlight illumination 
of 75 mW/CmZ, the cell had a Vac of about 0.7 volts, an 
I“ of about 16 mA/cmz, and a ?ll factor of about 0.6. 
The conversion ef?ciency was about 8.9%. 

Example 2: Enhancement Due to CdS Deposition in 02 

To demonstrate the effect of the use of an oxygen 
containing atmosphere only during the CdS deposition, 
a control cell and 5 test cells were prepared as follows: 
Nesatron ® substrates having a nominal resistivity of 25 ‘ 
ohm/square were cleaned by hand-rubbing with Al 
conox @ detergent and rinsing with hot tap water prior 
to deposition of the semiconductor layers. The CdS 
layer was then prepared by close-space sublimation, 
wherein the source was a hot-pressed disc of phosphor 
grade CdS powder obtained from General Electric. 
The process was carried out with a source temperature 
of about 750° C. and a substrate temperature of about 
535° C. In the case of the control cell, a vacuum was 
used containing a partial pressure of 02 of less than 0.01 
torr, which was achieved with a mechanical vacuum 
pump. The ?ve test cells, on the other hand, incorpo~ 
rated 2.5 torr oxygen in the atmosphere during the CdS 
sublimation. The deposition time was about 2 to 4 min 
utes, leading to a layer thickness of between about 1 
micron and 2 microns. After cooling the substrate to 
near room temperature, it was placed on another holder 
for the CdTe deposition. The source was a polycrystal 
line disc sliced from an ingot which had been prepared 
by reacting 99.9999% pure Cd and Te in a melt doped 
with 10 ppm of Au. A source temperature of about 550° 
C., a substrate temperature of about 450° C. and a depo 
sition time of about 2 minutes were used to achieve a 
?lm thickness of about 0.5 microns. The deposition of 
all CdTe layers was carried out under a partial pressure 
of 02 of less than about 0.01 torr, provided by a mechan 
ical vacuum pump. The CdTe/CdS structure was post 
heated in air at 325° C. for 3 minutes, after which the 
cell was completed by vapor-depositing a 500 A thick 
layer of Au on the CdTe layer. 
The photovoltaic response of the control cell lacking 

the oxygen atmosphere for the CdS deposition was, 
Vo¢=0.37, I,¢=7.l mA/cmz, fill factor approximately 
equal to about 0.4 and conversion efficiency = 1.38%. In 
contrast, the average photovoltaic response of the 5 test 
cells was V0c=0.48i0.03 mV, ISc=9.lJ:l.6 mA/cm2, 
fill factor of approximately 0.4, and conversion efficien 
cy=2.5i0.3%, an improvement in conversion effi 
ciency of more than 1%. 

Examples 3 and 3A: 

To further illustrate the effect of the presence of 
oxygen during CdS deposition, two different cells were 
made with the CdS layer prepared under two different 
pressures of air. Preparation of a “Nesatron” electrode 
was generally as described in Example 2. One of the 
cells, Example 3, was prepared by close-space sublimat 
ing the CdS layer in a vacuum prepared by evacuating 
the air using a rotary mechanical pump, to a pressure of 
less than 0.01 torr, ?ushing with argon several times, 
and reducing the argon atmosphere to less than 0.01 
torr. The CdTe layer was formed by close-space subli 
mation for 2 min. on the CdS substrate maintained at 
610° C., in an atmosphere of 1.5 torr O2 and 1.5 torr Ar, 
from a source held at 630° C. Example 3A was prepared 
identically as Example 3, except that air was used as the 
atmosphere for the close-space sublimation of the CdS, 
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:8 
at a pressure of 0.15 torr. Table 1 illustrates the results. 

Table 1 
Ambient Air 
Pressure, 15¢, 

Example ‘Torr n, % ‘Voc, mV mA/cm2 FF 

3 essentially 4.0 1390 15.1 I 0.51 
zero 

3A 0.15 8.3 650 17.0 0.56 

Very little improvement in conversion efficiency was 
noted upon increasing the air pressure above 0.15 torr. 
This example demonstrated that although the presence 
of oxygen in the atmosphere for the deposition of the 
CdTe produced a signi?cant conversion ef?ciency, an 
even higher value is achieved if oxygen is present for 
the deposition of the CdS also. 

Example 4: Enhancement Due to CdTe Deposition in 
02 

To demonstrate the enhancement achievable by de 
positing the CdTe layer in an oxygen-containing atmo 
sphere, eight cells were prepared by the procedure of 
Example 2 on CdS prepared in an atmosphere contain 
ing 2.5 torr of oxygen, except that the CdTe layer was 
deposited using an atmosphere containing 5.0 torr of 
oxygen. These eight cells showed an average Vac of 
0.6l8i0.0l2 volts, an average lxof 11.51 1.5 mA/cm2, 
a ?ll factor of approximately 0510.01, and an average 
conversion efficiency of 4.89:0. 54%. Thus, an im 
provement of more than 2% in conversion efficiency 
was achieved by depositing the CdTe in an oxygen-con 
taining atmosphere. 

Examples 5-1 I 

To demonstrate the effect of the substrate tempera 
ture for CdTe deposition, seven cells were made under 
the following conditions: a CdS layer was deposited by 
close-space sublimation on a Nesatron ® glass substrate 
with a nominal electrical resistance of 10 ohm/square. 
The source temperature was 720° C., the substrate tem 
perature was 550° C., the deposition time was 5 seconds, 
and the process was carried out in an 0.4 torr oxygen 
atmosphere. Then a CdTe layer was deposited, again by 
the close-space sublimation process. The source temper 
ature was 630° C. or 640° C., the substrate temperature 
varied as shown in Table II, the deposition time was 2 
minutes, and the process was carried out in an atmo 
sphere consisting essentially of 1.5 torr O2 and 1.5 L torr 
Ar. Caell preparation was completed by evaporation of a 
500 A Au layer, using the technique of conventional 
vacuum evaporation under a pressure of 10"6 torr. (For 
the cells with 600° C. or higher substrate temperature, a 
slightly higher source temperature was used to provide 
a CdTe layer thickness similar to that of the other cells.) 
The results are summarized in Table II, and represent 
the data points in FIG. 1. 

‘Table II 
CdTe Deposition 

Source Substrate Isc, 
Ex. Temp., ‘C. Temp, °C. 1|, % Voc,mV mA/cm2 FF 

5 ‘530 1500 3.9 560 l2.5 0.42 
‘5 ‘530 530 “4.7 610 13.7 ‘0.43 
‘7 630 550 0.3 630 14.7 ‘0.50 
B 530 570 ‘3.4 680 16.7 0.55 

‘0* 030 590 ‘3.9 705 l6.3 0.58 
10 "54-0 ‘500 15.9 695 16.7 0.58 
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Table lI-continued 
CdTe Deposition 

Source Substrate Isc, 
Ex. Temp, “C. Temp, °C. 1], % Voc,mV mA/cin2 FF 

ll 644 610 3.9 710 16.5 0.58 

‘This is the cell described in Example 1. 

Example 12: 

To further illustrate the effect of oxygen during 
CdTe deposition, a series of cells was prepared by vary 
ing the oxygen pressure during CdTe deposition while 
maintaining the other conditions of preparation essen 
tially constant. That is, the deposition of the CdS was 
either in a 0.4, 0.5 or 1.0 torr oxygen atmosphere, using 
a Tsame (source temperature) of 710°, 720° or 725° C. 
and a Tmbstme (substrate temperature) of 500° C. or 550° 
C. The CdTe deposition used a Tmme of 630° or 640° C. 
and a Tsubstmte of 600° or 610° C. None of these minor 
variations are believed to be signi?cant or capable of 
producing signi?cantly different conversion ef?cien 
cies. 

It was found that an oxygen pressure of 0.5 torr pro 
duced a cell with a conversion ef?ciency of about 4.6%, 
whereas at an oxygen pressure of about 1.0 torr or 
higher, the conversion ef?ciency was generally con 
stant at about 8.75%:125. 
The invention has been described in detail with par 

ticular reference to certain preferred embodiments 
thereof, but it will be understood that variations and 
modi?cations can be effected within the spirit and scope 
of the invention. 
What is claimed is: 
1. In a photovoltaic cell comprising 
?rst and second contiguous crystalline layers contain 

ing, respectively, p-type cadmium telluride and 
n-type cadmium sul?de, and electrodes in opera 
tive, low-impedance contact with at least part of 
said layers, 

the improvement wherein both said cadmium tellu 
ride and said cadmium sul?de are polycrystalline, 
and together said layers contain oxygen atoms in an 
amount that is effective to produce a cell having a 
conversion ef?ciency that is enhanced over the 
conversion ef?ciency of a cell that is produced 
without said oxygen atoms present. 

2. A cell as de?ned in claim 1, wherein said oxygen 
containing layer is the cadmium telluride layer. 

3. A cell as de?ned in claim 1, wherein said oxygen 
containing layer is the cadmium sul?de layer. 

4. A cell as de?ned in claim 1, wherein both of said 
layers contain oxygen atoms in said amount. 

5. In a photovoltaic cell comprising 
?rst and second contiguous crystalline layers contain 

ing, respectively, p-type cadmium telluride and 
n-type cadmium sul?de, and electrodes in opera 
tive, low-impedance contact with at least part of 
said layers, 

the improvement wherein said layers are polycrystal 
line and the total combined thickness of said layers 
does not exceed about 10 microns, at least one of 
said layers containing oxygen atoms in an amount 
that is effective to produce a cell having a conver 
sion ef?ciency that is enhanced over the conver— 
sion ef?ciency of a cell that is produced without 
the oxygen atoms in said layer. 

5 

10 

20 

35 

50 

55 

65 

W 
6. A cell as de?ned in claim 5, wherein said oxygen 

containing layer is the cadmium telluride layer. 
7. A cell as de?ned in claim 5, wherein said oxygen 

containing layer is the cadmium sul?de layer. I 
3. A cell as de?ned in claim 5, wherein both of said 

layers contain oxygen atoms in said amount. 
9. A cell as de?ned in claim 5, wherein one of said 

electrodes is a layer of conductive oxide in low-imped 
ance contact with at least part of said CdS layer, said 
oxide layer being transparent or semitransparent to 
incident radiation. 

10. A cell as de?ned in claim 9, wherein said oxide is 
indium tin oxide. 
4 11. A cell as de?ned in claim 9, wherein the other of 
said electrodes is a layer of metal in low-impedance 
contact with at least part of said CdTe layer. 

12. A cell as de?ned in claim 11, wherein said metal is 
gold. 

13. A cell for converting incident radiation into elec 
tricity, comprising 

?rst and second contiguous polycrystalline layers 
containing, respectively, p-type cadmium telluride 
and n-type cadmium sul?de, and electrodes in op 
erative, low-impedance contact with at least part of 
said layers, at least one of said electrodes being 
transparent or semi-transparent to said incident 
radiation, 

said cell being further characterized by a conversion 
ef?ciency of at least about 6.0% when exposed to 
AM2 light. 

14. A cell for converting incident radiation into elec 
tricity, comprising 

?rst and second contiguous polycrystalline layers 
containing, respectively, p-type cadmium telluride 
and n-type cadmium sul?de, and electrodes in op 
erative, low-impedance contact with at least part of 

' said layers, at least one of said electrodes being 
transparent or semitransparent to said incident 
radiation, 

said cell being further characterized by a combined 
thickness of said layers that is no greater than about 
10 microns and a conversion ef?ciency of at least 
about 6% when exposed to AM2 light. 

15. In a photovoltaic cell comprising 
?rst and second contiguous crystalline layers contain 

ing, respectively, n-type cadmium sul?de and p 
type cadmium telluride, and electrodes in opera 
tive, low-impedance contact with at least part of 
said layers, 

the improvement wherein both said cadmium tellu 
ride and said cadmium sulfide are polycrystalline, 
at least one of said layers having been formed in an 
oxygen-containing atmosphere for a time and at a 
temperature, and in an amount of oxygen, suf?cient 
to provide a conversion ef?ciency that is enhanced 
over the conversion ef?ciency of a cell produced 
identically but without said at least one layer hav 
ing been formed in said oxygen-containing atmo 
sphere. 

16. In a photovoltaic cell comprising 
?rst and second contiguous polycrystalline layers 

containing, respectively, n-type cadmium sul?de 
and p-type cadmium telluride, and electrodes in 
operative, low-impedance contact with at least part 
of said layers, 

the improvement wherein the combined thickness of 
said layers does not exceed about 10 microns, at 
least one of said layers having been formed in an 
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oxygen-containing atmosphere for a time and at a 
temperature, and in an amount of oxygen, sufficient 
to provide a conversion ef?ciency that is enhanced 
over the conversion ef?ciency of a cell produced 
identically but without said at least one layer hav 
ing been formed in said oxygen-containing atmo 
sphere. 

17. A cell as de?ned in claim 16, wherein said layer 
formed in an oxygen-containing atmosphere is the cad 
mium telluride layer. 

18. A cell as defined in claim 17, wherein said oxygen 
containing atmosphere was at a pressure of at least 
about 1 torr of oxygen. 

19. A cell as de?ned in claim 16, wherein said layer 
formed in an oxygen-containing atmosphere is the cad 
mium sul?de layer. 

20. A cell as de?ned in claim 16, wherein both of said 
layers were formed in an oxygen-containing atmo 
sphere. . 

21. In a process for manufacturing a photovoltaic cell 
by depositing, in the vapor phase, contiguous polycrys 
talline layers of n~type cadmium sul?de and p-type 
cadmium telluride and securing an electrode to at least 
a portion of each of said layers, 

the improvement comprising depositing at least one 
of said layers in an oxygen-containing atmosphere 
for a time and at a temperature, and in an amount of 
oxygen, which are sufficient to provide a conver 
sion efficiency that is enhanced over the efficiency 
of a cell produced without said oxygen atmo 
sphere. 

22. A process as de?ned in claim 21, wherein both of 
said layers are deposited by close-space sublimation in 
an oxygen-containing atmosphere and the temperature 
of the substrate during the depositing of CdTe is at least 
about 575° C., the amount of time of said depositing of 
said layers being sufficient to provide a conversion 
ef?ciency that is enhanced over the conversion ef? 
ciency of a cell produced identically but at a CdTe 
substrate temperature less than about 575° C. 

23. A process as de?ned in claim 21 and further in 
cluding the step of heating in an oxygen-containing 
atmosphere either or both of said layers after their de 
position, for a time and at a temperature, and in an 
amount of oxygen, which are suf?cient to provide a 
conversion efficiency that is enhanced over the ef? 
ciency of a cell produced without said post-deposition 
heating. 

24. A process as de?ned in claim 21, wherein the 
deposition of said CdTe is in an atmosphere containing 
at least about 1 torr oxygen. 

25. A process of converting incident radiation into 
electrical power, comprising the steps of 

(a) exposing to said radiation, a photovoltaic cell 
comprising 

?rst and second contiguous polycrystalline layers 
containing, respectively, n-type cadmium sul?de 
and p-type cadmium telluride, said layers together 
containing oxygen atoms in an amount that is effec 
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tive to produce a cell having a conversion ef? 
ciency that is enhanced over the conversion ef? 
ciency of a cell that is produced without said oxy 
gen atoms, and electrodes in operative, low-imped 
ance contact with at least part of said layers, at least 
one of said electrodes being transparent or semi 
transparent to said incident radiation; and 

(b) drawing off power from said cell in proportion to 
said enhanced conversion ef?ciency. 

26. A process of converting incident radiation into 
electrical power, comprising the steps of 

(a) exposing to said radiation, a photovoltaic cell 
comprising 

?rst and second contiguous polycrystalline layers 
containing, respectively, n-type cadmium sul?de 
and p-type cadmium telluride, at least one of said 
layers being formed in an oxygen-containing atmo 
sphere for a time and at a temperature, and in an 
amount of oxygen, which are suf?cient to provide 
a conversion ef?ciency that is enhanced over the 
conversion ef?ciency of a cell produced identically 
but without being formed in said oxygen-contaim 
ing atmosphere; and electrodes in operative, low 
impedance contact with at least part of said layers, 
at least one of said electrodes being transparent of 
semitransparent to said incident radiation; the total 
combined thickness of said layers not exceeding 
about 10 microns; and 

(in) drawing off power from said cell in proportion to 
said enhanced conversion ef?ciency. 

27. In a photovoltaic cell comprising 
?rst and second contiguous crystalline layers contain 

ing, respectively, p-type cadmium telluride and 
u-type cadmium sul?de, and electrodes in opera 
tive, low-impedance contact’with at least part of 
said layers, 

the improvement wherein both said cadmium tellu 
ride and said cadium sul?de are polycrystalline, 
and together said layers contain oxygen atoms in an 
amount that is effective to produce a cell having a 
conversion ef?ciency that is enhanced over the 
conversion ef?ciency of a cell generally identical in 
structure but containing only the amount of oxygen 
atoms in said layers that is present when the layers 
are formed in an atmosphere that has an oxygen 
partial pressure of less than 0.01 Torr. 

.28. A cell as de?ned in claim 27, wherein one of said 
electrodes is a layer of conductive oxide in low-imped 
ance contact with at least part of said CdS layer, said 
oxide layer being transparent or semi-transparent to 
incident radiation. 

29. A cell as de?ned in claim 28, wherein said oxide is 
indium tin oxide. 

.30. A cell as de?ned in claim 28, wherein the other of 
said electrodes is a layer of metal in low-impedance 
contact with at least part of said CdTe layer. 

31. A cell as defined in claim 30, wherein said metal is 
‘gold. 
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